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PICO: mm/submm All Sky Imaging Polarimetric Survey

PICO will produce the deepest maps of Stokes |, Q, U
in 21 frequency bands between 20 and 800 GHz

Maps will have resolution between 38 and 1.
8 maps, >200 GHz: highest resolution, full sky maps

Ten redundant surveys: stringent control of systematic
errors

13,000 transition edge sensor bolometers
5 year survey from L2

Noise baseline: 3300 Planck missions (0.87 uK*arcmin)

Noise Current estimate: 6400 Planck missions
(0.61 uK*arcmin)
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SO1: Tightest Constraint on Inflation r

e Jextbook Inflation models that

naturally explain the spectral uges
index and have super- =~ e e
Planckian mass have;: S ' T
e A oc 0o e e
e PICO requirement:
0.960 0.970 0.980 0.990 1.00
r<?2-107%(95%); r=5-10"* (56) I,
‘It this threshold is passed without detection, most
Only the PICO exclusion will textbook models of inflation will be ruled out, and
reject all models with the data would force a significant change in our
superPlanckian scale in the understanding of the primordial Universe”
potentia\ WIth high confidence (Shandera et al. 2019, Community endorsed decadal white paper)




SO1: Tightest Constraint on Inflation r

* [extbook \nﬂatilon modelsthat |, 11~ 1 x 1073 - PICO has
naturally explain the spectral
iINndex and have super-
Planckian mass have:

T G OR 1 8 o

e Systematics control: Highest
SNR, most stable thermal
platform, simplest design

* Foreground control: Multiple
detections in iIndependent

* PICO requirement: patches of the sky

r<2-107% (95%); r=5-10"* (50)

‘It this threshold is passed without detection, most

Only the PICO exclusion will textbook models of inflation will be ruled out, and
reject all models with the data would tforce a significant change in our
superPlanckian scale in the understanding of the primordial Universe”
potential with high confidence (Shandera et al. 2019, Community endorsed decadal white paper)




Can the Foregrounds be Handled?
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Can the Foregrounds be Handled?

Map based simulations (PySM + [ s
OtherS), r:O, 50% Of Sky, 15% —2J = Reconstructed CMB (r=0)

lensing, PICO noise, GNILC
foreground removal with 21 bands
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L owest \ell has x2 bias relative to
|enS|ng, X1 O |O\Ner than rr = 5 X 10_4 (56) Figure: Remazeilles multipole llo

Gravitational waves
=== |ensing (15%)

For \ell=100, residual is x4 lower E

Model C

Results approximately reproduced

with other models

3 Figure: Remazeilles Multipole /
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S03: 40 - Absolute Neutrino Mass Scale

 Only cosmology can determine the absolute mass scale
if it Is near the minimum allowed sum 2m, = 58 meV

 Growth of structure is affected by neutrino mass. The
growth of structure is manifest in the projected
gravitational potential, revealed through CMB lensing
maps.

Planck2018-VII|

-0.0016



S03: 40 - Absolute Neutrino Mass Scale

 Only cosmology can determine the absolute mass scale
if it Is near the minimum allowed sum 2m, = 58 meV

 Growth of structure is affected by neutrino mass. The
growth of structure is manifest in the projected
gravitational potential, revealed through CMB lensing
maps.

e SumM Of Neutrino mass requires:

* Matter density (Baryon acoustic oscillations: DESI/Euclid) OB, SN 156

Baseline, foreg. removed; SNR= 560

» Growth of structure (PICO SNR=560; Planck SNR=40) e
e Optical depth to reionization (PICO o(7r) = 0.002)

10 Figure: van Engelen



S03: 40 - Absolute Neutrino Mass Scale

 Only cosmology can determine the absolute mass scale
if it Is near the minimum allowed sum 2m, = 58 meV

 Growth of structure is affected by neutrino mass. The
growth of structure is manifest in the projected
gravitational potential, revealed through CMB lensing
maps.

e SumM Of Neutrino mass requires:

* Matter density (Baryon acoustic oscillations: DESI/Euclid) . ooe: SN 16

Baseline, foreg. removed; SNR= 560

» Growth of structure (PICO SNR=560; Planck SNR=40) e
e Optical depth to reionization (PICO o(7r) = 0.002)

. 6(Zm,) = 14meV, (40 = 56 meV), one of three independent
constraints

1 Figure: van Engelen



S03: 40 - Absolute Neutrino Mass Scale

e Only cosmology can determine the absolute mass scale
if it is near the minimum allowed sum 2m, = 58 meV

 Growth of structure is affected by neutrino mass. The
growth of structure is manifest in the projected
gravitational potential, revealed through CMB lensing
maps.

e SumM of neutrino mass requires:

* Matter density

Baryon acoustic oscillations: DESI/Euclid)




SO4: New Particles

Decoupling temperature as a function of ANeff

nght specles, beyond 3 neutrinos, coula relative to neutrinos only
have existed in the early universe and fallen (DR RECHID AT e = S
out of thermal equilibrium at high
temperature [r.

CMB spectra are sensitive to the number of
ight species N ¢

©
=
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Only 3 neutrinos gives: N,y = 3.046

0.04

Planck + BAO: 2.92 £ 0.36 (95%) il

PICO: A(N.i) = 0.06 (95%) No other constr?int IS
expected to be tighter
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SO7: Why the Low Star Formation Efficiency?

 Milky Way stars form at much lower rate than would be expected from
gravitational collapse

e Turbulence + magnetic fields slow collapse from the diffuse ISM to
molecular clouds, to star forming regions

 \What is the ratio of energy stored in the magnetic field to that stored In
turbulent motion over spatial scales from the diffuse ISM to dense cores?
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PICO Science : Galactic Magnetic fields

 Map magnetic fields in 70 external galaxies, with 100
measurements per galaxy (currently 2 are mapped)

e Map 10 nearby clouds with 0.1 pc resolution => scale of cloud
cores (currently no data are available to connect magnetic
fields in the diffuse ISM to that in cloud cores)

Factor of 104 in
spatial scale ™ |

Figure: Chuss + Fissel
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Legacy Surveys Available only with PICO Data

Science Catalog

e Early galaxy formation and dark matter apil SEO IO ensed
Gl eieinate o galaxies, z~5; (x400)

| 50,000 proto-clusters,

Early cluster formation 7~4.5: (x1000)

. Corre\aﬁon of dust with galaxy 30,000 galactic dust
properties SELs. z<0) 1l ()

* Physics of jets In radio sources 2000 polarized radio

sources; (x10)

* Ordering of magnetic fields in external

galaxies Polarization of few

: : thousand dusty
Data will be mined for years by galaxies (x1000):

astrophysicists in many sub-disciplines




Set Cosmological Paradigm for the 2030s

3m,0.1uK - arcmin

o-parameter ACDM describes the Universe well ’ C
+2my, + Nesg + a1 + 7+ nt
, , + 2m, + dinns/dInk + a1 + r + nt
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» 40 between supernovae and CMB measurements of Ho
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Constraint on 6-parameter ACDM:
e PICO/Planck = 50,000 (Planck/WMAP9 = 300)

i : - 1992 2003 2013 2018 2029
Constraint on 11-parameter ACDM+: CoBE  oreWMAP  WMAPS Planck D25

e PICO/Planck = 1.2x108

ACDM will either survive this stringent scrutiny, or a new
cosmological paradigm will emerge



PICO Implementation: Heritage of Planck

center: single color, 3-color sinuous
horn coupled
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Ambient temperature primary
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0.1 K focal plane (cADR)

s Boresight

PICO technologies are based
on extensions of technologies
currently used with space and

sub-orbital instruments

Coolers, Readout

Telemetry, Flywheels,
Power, Radiators

Figure: JPL




PICO’s Status

* 50 pg PICO report publicly available (astroph/1902.10541

* Project paper submitted to the Decadal in 7/2019 (astroph/
1908.07495

* Additional information has been provided to the sub-panel on
Electromagnetic Observations from Space Il (12/2019




Why PICO, Why Now

* Transformative science; much of the science can only be done from
space.

* Further progress with CMB requires a leap in sensitivity, foreground
characterization, and systematic control. Space is best suited to
provide this leap.

* PICO is the only instrument with the combination of sky coverage,

resolution, frequency bands, and sensitivity to achieve all of the
science with one platform.

 Next decade’s other proposed efforts are equivalent in cost to PICO.
With more bands, higher sensitivity, better control of systematics, and

simpler instrument implementation, PICO is the most cost effective
path for progress.

22



ERSITY OF MINNESOTA

P | C O ~ PICO - community-wide effort + support SHAUL HANANY

Authors

Dark Vizroelo Alvarez 2116 Brendan P Cntt ¢ Enc Hnon Levon Pogosian “ EVO‘
.. L

Relativistic Species ...

. . 1 L Re ' S TP L
Emmanuel Artis ' Gianfranco DeZotti = Renée Hioaek Clem Pryke .

§  Peter Ashton 24169 lacgues Delabrouillke 312 Johannes Hubmayr Giuseppe Puglisi e o* 2 1 3 AUth o rs a n d

Tonathan Aumont = Ekonora Di Valkentino ¢ Bradlcy R. Johnson 4 tathieu Remazeilkes -
Ragnhild Aurlien Joy Didier William Jones ¢ Graca Rocha 6.8

Ranajoy Bancr _ Olivier Doré °7 Terry Jones ’ . Magcel Schmittfull o E n d O rse rs
R. Beken Barreino + Hans K. Eriksen %6 LJoyd Knox 2V Douglas § 0

James G. Bartient ™ Josquin Errard 3 Al Kogut 23 Peter Shirmon

Soumen Basal _'-" lom Essinger-Hileman 2! Marcos Lépez-Caniego *- lan Stephene
B Nick Bataghia’ Stephen Feeney 7 Charles Lawmnce ° Brian Sutin
Jamic Bock™®© Jefivey Filippini ** Alex Lazarian © Maurizio Tomas:” o’ wUantum uravr[y

Kimberly' K. Boddy 2 [_aura Fissel Zack Lit Amy Trangsrud *
Matiée’ Bonato 22 Paphacl Flauger 1% M. hew Madhavacheril 4 Alkexander van Engeles
Jian Bormill %10 Unri Fuskeland 26 k-munu Flavicn Vansyngel -
rangois Bouchet Vera Gluscevic 3 Joel Meyers ¥ Ingunn K. Wehus 2

rancois Boulanger 44 Krzysztof M. Gorski © Calum Murray ¥ Qi Wen '
lakesley Burkhart *- Dan Green '¢ m&gﬂb‘s Siyan Xu

Cluster Evolution =........ | o & it o e Dark Energy

99id Chassi s Brandon Hensley * Ro. 1O Brient &8 Andrea Zonca >
susan E. Clark !.»,,u. Dicgo Herrarz ©2
Joelle Coopemmider® J. Colin Hin 718

Endorsers

Maximilian Abitbol Colin Bischoff
Zeeshan Ahmed Scbastian Bocguet
David Alonse i. Richard Bond
Mustaia A. Amin jcfi Booth

Adam Anderson Scan Bryan

James Annis Carlo Burigana
Jason Austermann Giovanni Cabass
Carlo Baccigalupi Robert Caldwell
Darcy Barron John Carlstrom
Ritoban Basu Thakur Xingang Chen

Elia Battistelh Francis-Yan Cyr-Racine
Danx] Baumann Paolo de Bemardis
Karim Benabed Tijmen de Haan
Bradford Benson C. Dzrmen Dowell
Paolo d¢ Bemardis Cora Dvorkin
Marco Bersanclh (Chang tng
Federico Bianchini Ivan Soares Ferreira
Danx1 Bilbao-Ahedo Aurclicn Fraisse

https:/z.umn.edu/picomission

Andrei V. Frolov Chang-Goo Kim Marco Peloso Neclima Schgal Caterina Umilta
Nicholas Galitzki Theodore Kisner Marius Millea Fesnice sco Piacentini Sarah Shandera Rien van de Weygaert
Silvia Gall Arthur Kosows’y Amber Miller Kichel Piat Erik Shirokoif Vincent Vennia
?‘;( ’ i’ ﬁvf:: Joseph Mchr Giampaolo Pisano AnZe Slosar Licia Verde
uhin ( o s wunze = . s o . M bes i ox Vo b
Sunil Gol Guil R Lorenzo Moncelsi Nicolas lonlhxu Tarun .Soqrniccp Ialmllo \..lcl'. a
Riccardo Gualtieri Daniel Lenz Pavel Motloch Giuseppe Pugiis Suzanne Staggs Abigail Vieregg
Jon E. Gudmundssen Francois Lev et Mroczkow ski Benjamin Racine George Stein Jan Vrtilek
J g
Nikhel OO o B Suvodip Mukherjee Christian Reichardt Radek Stompor Benjamin Wallisch
Nils Halverson Philip [.abin ; : s ctrithin T r e B : ,
Kyle Helson Josn Maciat W Johanna Nag) L-hn:»t\-. he Ringes al R.Ljshld. S-un_» acy B‘cmamm W 'andclt
Sophie Henrot-Versillé D areno Mandoi Pavel Naselsky Karwan Rostem Aritoki Suzuki Gensheng Wang
Thiem Hoang Farigue Martinez-Gonzélez Federico Nati Anirban Roy Enc Switzer Scoal Watson
Kevin M. Huffeslragy rlos Martins Paolo Natoli Jose-Alberto Rubino-Martin~ Andrea Tartari Edward J. Wollack
ks R Michac] Niemack \iatarrese Sabino Grant Teply Zhilei X
MAarc E ONXOWSK OIOs Ut . - - . - - - .
A “—y Ekna Orlando Mana Salatino Peter Timbie Siavash Yasii
Reijo Keskitalo Darragh Mc : : i _ A . .
Rishi Khatri P Daniel Meerburg A 3ruce Partridg Benjamin Saliwanchik Matthicu Tnistram

L
L ]

Interstellar Dust Cosmic Birefringence
23 Hanany et al. arXiv 1902.10541; 1908.07495



